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Available online 30 October 2013AbstractIntra-body communication (IBC) is a technology using the human body as a transmission medium for electrical signals. Compared with the
short distance wireless communication technologies, it has several novel characteristics. The modeling, simulation and implement of intra-body
communication are reviewed. Firstly, the transfer function of the galvanic coupling IBC was deduced, and the in vivo measurements results and
the corresponding mathematical simulations results based on the proposed transfer function are discussed. Secondly, a finite-element method for
modeling the whole human body is introduced, and simulations results of the galvanic coupling IBC based on the whole human body and the
corresponding in vivo measurement results are discussed. Finally, the implement methods of the intra-body communication as well as a novel
IBC system based on MacheZehnder EO modulator are introduced and analyzed, while some conclusions are achieved.
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Intra-body communication (IBC) is a technology using the
human body as a transmission medium for electrical signals
[1]. Compared with the short distance wireless communication
technologies, such as Bluetooth and Zigbee, etc, this tech-
nology has several novel characteristics, which can be
described as follows: 1) signal mainly transmits within the
human body and little radiation leaks out to avoid the distur-
bance of environment electromagnetic noise and can achieve
higher data rate; 2) as a special cable communication using the
human body as a transmission medium, signal transmission
based on human body needs comparatively low energy* Corresponding author.
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http://dx.doi.org/10.1016/j.dt.2013.10.001consumption [2]; 3) network access can be achieved by the
motions of the human body [3], i.e. Communication can be
easily started or stopped by the touching, standing and sitting-
down of the human body. It is believed that IBC technology
will offer significant advantages in Personal Area Network
(PAN) [1], biomedical monitoring [4], and interaction between
the humans and their environments [5,6]. For instance, IBC
technology can be used to build a biomedical monitoring
network consisting of on-body sensors and implanted sensors,
as shown in Fig. 1, in which biomedical data collected from
the different parts of the human body transmit within the
human body, and eventually arrive at the cell phone or hospital
through a link sensor attached on the wrist. Therefore, the
patients and their doctors can achieve the biomedical data of
the human body almost anytime and anywhere.
In general, the intra-body communication approaches can
be divided into two types, galvanic coupling and electrostatic
coupling [3,4], as shown in Fig. 2. In galvanic coupling IBC,
the electrical signal is considered as electromagnetic waves
[4,5], and electromagnetic signal transmits from a pair of
transmitting electrodes to a pair of receiving electrodes within
the human body directly. In the electrostatic coupling IBC, thection and hosting by Elsevier B.V. All rights reserved.
Fig. 1. Biomedical monitoring based on IBC technology.
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11Y. SONG et al. / Defence Technology 9 (2013) 10e17return path is formed by the electrical coupling between the
transmitting electrodes and the receiving electrodes through
the external ground, while signal transmits between the
transmitter and the receiver by making a current loop. [6].
To guarantee the safety of the human body, the modeling
and simulation play an important role in the investigation of
intra-body communication. On the other hand, the implement
method of intra-body communication is also an important
issue for the application of this novel technology. In this paper,
the modeling and simulation as well as the implementation of
intra-body communication are reviewed, and the authors’
works with respect to these issues is introduced.
2. Modeling and simulation of IBC
Two methods have been used in this field. One is the
transfer function method [5,7], in which the transfer functionReceiverTransmitter
(a) Galvanic coupling IBC
ReceiverTransmitter
(b) Electrostatic coupling IBC
Fig. 2. Intra-body communication.of IBC is developed firstly to describe the mathematical
relation of the different parts in IBC system, and then the IBC
simulation can be achieved by using the transfer function. The
other method can be called the finite-element method [8,9], in
which the finite-element model of the human body parts is
developed firstly, then the IBC simulation is implemented by
using the developed model.2.1. Modeling of IBC based on transfer function method
2.1.1. Transfer function
The human body was transformed into a model identified as
the head, arm, torso and leg, as shown in Fig. 3. The geometry
of the human head is presented as a cylinder with the diameter
of Dh and the height of Lh. Similarly, the geometry of the other
parts of human body can also be modeled by using this
method, as shown in Fig. 3(a). Meanwhile, a signal trans-
mission path of the galvanic coupling IBC is described by the
four-terminal circuit model shown in Fig. 3(b), in which Zc
represents the coupling impedance between the transmitting
electrode and the skin, while the two transmitting electrodes
were attached to the human skin.
Based on the galvanic coupling model discussed above, the
transfer function of the galvanic coupling IBC was derived.0.4m
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IBC can be expressed as
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2.1.2. Simulations and measurements
To verify the feasibility of the proposed transfer function,
both the in vivo measurements of the galvanic coupling IBC
and the corresponding mathematical simulation based on the
proposed transfer function were carried out along different
signal transmission paths. Both the signal attenuations of the
measurement results and the simulation results are shown in
Fig 4. It can be seen from Fig. 4 that the mathematical
simulation results based on the proposed transfer function
basically agreed with the corresponding measurement results.Fig. 4. Simulation and the measurement results of the paths along the upper
arms.Both the simulation results and the in vivo measurement re-
sults decreased as the signal frequency increased from
100 kHz to 2 MHz, and increased gradually as the signal
frequency increase from 2 MHz to 5 MHz. On the other hand,
when the transmission distance increased from 20 cm to
40 cm, the corresponding increasing of the signal attenuation
was also found from the two results.2.2. Modeling and simulation of IBC based on finite-
element method
2.2.1. Theoretical foundation
The coupling between electromagnetic signals and human
body can be explained by the Maxwell equations and the
boundary conditions. According to Ref. [10], the inductive
effects and the wave propagation can be neglected in biolog-
ical tissues. Therefore, the electric and magnetic fields are
decoupled. As a result, the Maxwell equations can be
described as
8><
>>:
VH ¼ Jþ vD=vt;
VEz0;
V,B¼ 0;
V,D¼ r:
ð1Þ
In the IBC application, only the electric field is of interest.
Therefore, Maxwell equations can be simplified using the
continuity equation and the constitutive relations. Due to
J ¼ sE and D ¼ εE, the quasistatic electric field of the intra-
body communication can be described as [8].
V,ðεVVÞ þ i
u
V,ðsVVÞ ¼ 0: ð2Þ
Based on the equations mentioned above, the transmission
of electronic signal in the human body can be simulated by
using the finite-element method, which is applied to solve the
quasi-static volume conducting boundary problem by the nu-
merical solution of the partial differential equations.
2.2.2. Modeling of whole human body
In our geometry modeling, the developed model of the
whole human body consists of head, neck, torso, arm and leg,
as shown in Fig. 5(a). Firstly, according to the geometry of the
male adult [11], the models representing the different body
parts were developed respectively. To decrease the computa-
tional cost, all the body parts of the FE model are divided into
4 layers, which include skin, fat, muscle and bone from
outside to inside, as shown in Fig. 5(b).
2.2.3. Simulations and measurements
2.2.3.1. Simulation results. Fig. 6 is the potential distribution
of the simulation results (real part) when the signal is coupled
into the abdomen of the developed model, which includes the
potential distributions of the torso surface and the horizontal
cross-section in the torso model. It can be observed from
Fig. 6 that the relatively higher potentials mainly focus on the
surrounding of the transmitting electrode which injects current
Fig. 5. Finite-element model of whole body model.
Fig. 7. Comparison between the simulation and measurement results.
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electrode has the maximum potential of 0.44 V. Meanwhile,
with the increase in the signal transmission distance, the po-
tential values decrease almost in all the directions. Addition-
ally, the potential values of section 5 corresponding to some
parts of the torso, leg and torso are within 0.10 Ve0.05 V,
while the maximum potential values of section 6 corre-
sponding to the lower arms is only 0.05 V. On the other hand,
we also can find from Fig. 6 that the highest potential level
(0.44 Ve0.24 V) mainly focused on the skin layer along the
long-axis direction of the torso. Meanwhile, the secondary
potential level (0.24 Ve0.15 V) is mainly located in the fat
layer. Moreover, the potential values of the other layers
(muscle, bone) within the torso are between 0.05 Vand 0.15 V.
The results mentioned above indicate that the relatively higher
potential mainly focused the surface layers (skin, fat) in the
galvanic coupling IBC, which is coincided with the previous
results [8].
2.2.3.2. Measurement results. Fig. 7 shows the signal attenu-
ations of the in vivo measurement and the simulation resultsFig. 6. Potential distribution of finite-element simulation when signal transmits
from body abdomen.corresponding to the paths starting from the right arm, in which
Fig. 7(a) shows the results of the path from the right arm to the
left arm, while Fig. 7(b) shows the results of the arm-torso path.
The signal transmission distances of the three paths are
116.50 cm and 74.00 cm, respectively. It can be seen from
Fig. 7(a) that the simulation results based on the proposed FE
model basically agree with the corresponding in vivo mea-
surement results within the frequency range 10 kHze5 MHz.
Both the simulation results and the measurement results
decrease gradually as the signal frequency increases from
10 kHz to 200 kHz. For instance, the absolute attenuation value
of the simulation result decreases from 33.86 dB to 23.37 dB
within the range of 10 kHze200 kHz, while the corresponding
value of the measurement also decreases from 32.40 dB to
24.73 dB. Meanwhile, both of the two curves keep a slight
variation as the signal frequency increase from 200 kHz to
5 MHz. Similarly, we can find from Fig. 7(b) that the simulation
results corresponding to arm-torso path basically agree with the
corresponding measurement results.
3. Implement methods of IBC
Generally, an IBC application system consists of a trans-
mitter, a sensor and the corresponding receiving circuit, in
which transmitter is used for modulating and coupling the
baseband signal into the human body through the transmitting
electrode, the sensor is used for detecting the signal trans-
mitting within human body, while the receiving circuit is
mainly used for amplifying, filtering and demodulating the
signal output from the sensor.
FPGA
SDRAM
PROM
FPGA module Amplifying and filtering module
Signal electrode
Ground electrode
Electrode
Battery
Fig. 9. Transmitter structure of IBC system.
14 Y. SONG et al. / Defence Technology 9 (2013) 10e17Sensor used for signal detection is very important for
achieving reliable signal transmission based on human body.
Recently, two kinds of sensors, electrical sensor and EO
sensor, have been chosen. However, since the electrical sensor
has comparatively low input impedance and is easy to be
interfered by electromagnetic noise, the typical signal trans-
mission distance based on this kind of sensor is only
approximately 30 cm and the corresponding signal trans-
mission rate is limited in 40 kbps [3]. The influence of then
electrical noise can be greatly decreased due to then extremely
high input impedance of electro-optical sensor. Moreover, the
ground electrode of the EO sensor is electrically isolated from
the electronic circuits, which eliminates the influence of the
floating ground potential [6]. As a result, both the noise and
the distortion of the receiving signal are decreased greatly,
thereby high signal transmission rate can be achieved [3].
Therefore, EO sensor is believed as a suitable sensor for
detecting signal transmitting within human body. On the other
hand, the previous research on the electro-optical modulation
method used in IBC mainly focused on the sensor based on a
bulk electro-optical modulator [3,6], which have several un-
solved issues. In this paper, an IBC system based on
MacheZehnder electro-optical sensor is introduced.
Compared with the IBC based on a bulk electro-optical sensor,
the proposed method has good temperature characteristic.
Moreover, it can also help to decrease the size and power
consumption of the IBC system.3.1. Signal transmission system
3.1.1. System structure
As shown in Fig. 8, in an IBC system based on
MacheZehnder electro-optical (EO) sensor, signal is coupled
into human body through the signal electrode, while it is also
coupled into the earth ground through the ground electrode.
Subsequently, signal transmitting within human body is
coupled into a MacheZehnder EO sensor through the signal
electrode. In the EO sensor, signal is coupled into the ground
electrode of the MacheZehnder modulator, then it transmits
to the ground electrode of the receiver. Finally, signal is
coupled into the earth ground, and a signal loop has been
established.Modulation
Transmitter
Amplification
& Filtering
Human body
Earth ground
In
pu
t
po
rt
Fig. 8. Developed signal transmission sys3.1.2. Transmitter
Transmitter is mainly used for modulating the baseband
signal and coupling it into the human body. As shown in
Fig. 9, the transmitter can be divided as FPGA (Field Pro-
grammable Gate Array) module, amplifying and filtering
modules, and electrostatic coupling electrode. FPGA module
consists of a FPGA, a SDRAM (Synchronous Dynamic
Random Access Memory), a PROM (Programmable Read
Only Memory) and a battery, etc. Firstly, FPGA generates
carrier signal with the required frequency, then the carrier
signal is modulated by the baseband signal which is stored in
the PROM by using DBPSK (Differential Binary Phase Shift
Keying) method. The amplifying and filtering module consists
of a voltage amplifier and a band-pass filter. Additionally, a
band-pass filter is added to filter out the useless harmonic
noise. Finally, the processed signal is coupled into human
body by using the electrostatic coupling electrode.3.1.3. Receiving method based on electro-optical modulator
In order to show the advantages of the IBC based on a
MacheZehnder electro-optical modulator, the electro-optical
modulation based on a bulk electro-optical crystal and the
electro-optical modulation based on a MacheZehnder electro-
optical modulator are discussed and compared. These two
modulation methods are illustrated in Fig. 10.
3.1.3.1. Modulation based on a bulk electro-optical crystal.
As shown in Fig. 10(a), in the transverse electro-optical
modulation of the IBC based on a bulk electro-optical crys-
tal [3,6], the direction of the signal electric field (i.e. along the
z-direction) applied on the x-cut electro-optical crystal is
generally perpendicular to the light propagation direction,
which in this case is along the y-direction. If the polarizeda
b
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M-Z EO sensor
tem based on human body medium.
Fig. 10. Electro-optical modulator used in IBC.
15Y. SONG et al. / Defence Technology 9 (2013) 10e17directions of the polarizer and analyzer are orthogonal, and the
angle between the z-direction and the polarized direction of
the polarizer is p/4, the relationship between the input optical
power (Pin) and the output optical power (Pout) of the electro-
optical crystal can be expressed as [12]
Pout ¼ Pin sin2

D4
2

¼ Pin sin2

pl
l
ðno  neÞ þ pl
2ld

n3eg33  n3og13

Ve

; ð3Þ
where D4 represents the phase delay of the output light rela-
tive to the input light, l and d are the length and height of the
electro-optical crystal, respectively, g33 and g13 are the
electro-optic coefficients of the electro-optical crystal, and Ve
represents the voltage applied on the electro-optical crystal
[13]. Finally, the change in light signal is converted into the
corresponding electric voltage (Vout) by the photodetector,
which is given asGEO1 ¼ 20 log10


dVout
dVe

¼ 20log10 ddVe
n
10k=10S$Rk$Pin cos2
h
GpL
Gl0

n3eg33  n3og13

Ve þ40
io
¼ 20 log10
n
 10k=10S$Rk$Pin$GpLGl0

n3eg33  n3og13

sin
h
2GpL
Gl0

n3eg33  n3og13

Ve þ40
io
:
ð8ÞVout ¼ S,Rk
10
k
10
Pin sin
2

pl
l
ðno  neÞ þ pl
2ld

n3eg33  n3og13

Ve

;
ð4Þ
where k is the insertion loss of the modulator, and S and Rk
represent the conversion efficiency and the transimpedance of
the photodetector, respectively.
3.1.3.2. Modulation based on a Mach-Zehnder electro-optical
modulator. As for the MacheZehnder electro-opticalmodulator shown in Fig. 10(b), if the electric field of the
incident input light Ein equal Aexp( jut), the electric fields in
the two arms of the MacheZehnder electro-optical modulator
can be described as
Ea ¼ Eh ¼ ðA=2ÞexpðjutÞ:
Therefore, the electric field referring to the emergent light of
the MacheZehnder modulator (Eout) can be expressed as [13]
Eout ¼ A
2
expðjutÞ½expðj4aÞ þ expðj4bÞ
¼ Aexp

j

utþ 2pl
l0
ðne  noÞ
	
$
cos

GpL
Gl0

n3eg33  n3og13

Ve þ40

;
ð5Þ
where 4a and 4b are the phases of the arm A and B, respec-
tively, G is the overlap integral factor representing the inter-
action between the electric field applied on the electrodes and
the light wave field, G is the distance between the signal
electrode and the ground electrode of the Mach-Zehnder
electro-optical modulator, and 40 is the phase difference
used for setting the operating point of the MacheZehnder
electro-optical modulator. Subsequently, according to Eq. (5),
the relationship between the (Pin) and (Pout) of the
MacheZehnder electro-optical modulator can be expressed as
Pout ¼ Pin cos2

GpL
Gl0

n3eg33  n3og13

Ve þ40

: ð6Þ
Finally, the receiving voltage of the IBC receiver (Vout)
based on the MacheZehnder electro-optical modulator can be
expressed as [13]
Vout ¼ 1010=kS$Rk$Pout: ð7Þ
Therefore, the theoretical value of the signal attenuation
(GEO1) caused by the MacheZehnder electro-optical modu-
lation system, which includes the laser diode (LD), the
MacheZehnder electro-optical modulator itself and the
photodetector (PD), can be represented as3.1.4. Receiving circuit
The receiving circuit is mainly used for amplifying,
filtering and demodulating the signal output from the
MacheZehnder EO sensor. As shown in Fig. 11, our receiving
circuit consists of a variable gain amplifier, a band-pass filter, a
FPGA module and a battery, etc. In order to provide signal
with appropriate amplitude for the demodulation module
based on FPGA, a variable gain voltage amplifier with the
functions of coarse adjustment and fine adjustment was
developed. Moreover, an active band-pass filter was developed
F/V converter
Variable gain amplifier Band pass filter
FPGA
Battery PROM
FPGA module
O
u
tp
u
tp
o
r t
In
te
rf a
ce
Fig. 11. Structure of receiving circuit of the IBC system.
16 Y. SONG et al. / Defence Technology 9 (2013) 10e17for filtering noises. Finally, the receiving modulation signal is
demodulated by the FPGA module, and thereby the original
signal transmitting within the human body is achieved at the
output interface of the receiving circuit.Fig. 13. Advantage of the IBC based on the MacheZehnder electro-optical
modulation in terms of temperature characteristic.3.2. Experiments
3.2.1. Frequency response
Fig. 12 shows the in-vivo measurements of the frequency
responses corresponding to the IBC based on the electrical
sensor and the IBC based on MacheZehnder electro-optical
modulation within the frequency range of 1 MHze40 MHz.
The results show that for the IBC based on the electrical
sensor, all the signal attenuations corresponding to various
paths (left arm-right arm, arm-torso and arm-leg) decrease
from approximately 64.57 dBe47.16 dB in the range of
1 MHze5 MHz, and have comparatively big variation (the
maximum deviation is 15.96 dB) in the range of
5 MHze40 MHz. On the other hand, it can be see from Fig. 12
that the signal frequency has comparatively less effect on the
signal attenuations in the case of the IBC based on the
MacheZehnder electro-optical modulation. This phenomenon
indicates that compared with the IBC based on an electrical
sensor, and the electrostatic coupling IBC based on
MacheZehnder modulation has a comparatively steady fre-
quency response, especially in the range of 2 MHze10 MHz
(the maximum deviation of this range is only 0.82 dB).
3.2.2. Temperature characteristic
In our investigation, the advantage of the IBC based on the
MacheZehnder electro-optical modulation in terms of tem-
perature characteristic was also verified in terms of tempera-
ture characteristic. Fig. 13(a) shows the simulation results ofFig. 12. Measurements of the electrostatic coupling IBC with various signal
transmission paths.the bulk electro-optical sensor used in IBC in the temperature
range of 283.15 Ke305.15 K, which shows that the signal
attenuation varies greatly. Moreover, it also can be seen from
Fig. 10 that the variation is periodical, and the maximum
variation is up to approximately 55 dB, which indicates that
ambient temperature affects the communication quality
greatly in the IBC based on bulk electro-optical sensor.
Fig. 13(b) shows the simulation results of the MacheZehnder
electro-optical sensor used in IBC, the corresponding mea-
surements and the errors between them, respectively. We can
find that compared with Fig. 13(a), both the simulation results
and the measurements shown in Fig. 13(b) have negligibly
smaller variation. For instance, as the temperature increases
from 283.15 K to 305.15 K, the increase in the simulation
results is less than 0.02 dB, while the measurements exhibit a
periodic variation in the order of 0.25 dB. Yet both are small,
which indicates that the IBC based on MacheZehnder electro-
optical modulation has good temperature characteristic.
4. Conclusion
The modeling, simulation and implement of intra-body
communication are reviewed in this paper. Firstly, the transfer
function of the galvanic coupling IBC was deduced, while both
the in vivo measurements and the corresponding mathematical
simulations based on the proposed transfer function were
17Y. SONG et al. / Defence Technology 9 (2013) 10e17carried out along different signal transmission paths. The
experiment results show that the signal attenuations of simu-
lation results coincided with the corresponding in vivo mea-
surement results. Secondly, a finite-element method for
modeling the whole human body is introduced, while both the
simulations of the galvanic coupling IBC based on the whole
human body and the corresponding in vivo measurements have
been carried out, and some important conclusions have been
achieved. Thirdly, the implement methods of the intra-body
communication as well as a novel IBC system based on
MacheZehnder EO modulator have been discussed. We
demonstrated that, compared with the IBC based on an elec-
trical sensor, the electrostatic coupling IBC based on
MacheZehnder electro-optical modulation has a steady fre-
quency response. Moreover, compared with the IBC based on a
bulk electro-optical sensor, the IBC based on MacheZehnder
modulation has good temperature characteristic.
Additionally, the modeling and simulation as well as the
implement of intra-body communication are mainly focused
on the intra-body communication based on wearable sensors.
On the other hand, this technology also has the potential
application in the communication of the sensor implanted into
human body, and the corresponding problems with respect to
this field need to be investigated in the following works.
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